Within the framework of the Top-color-assisted Technicolor (TC2) model, we calculate the new physics contributions to the branching ratios B(B s,d → γγ) and CP violating asymmetries r − CP (B s,d → γγ) in the QCD factorization based on the heavy-quark limit m b ≫ Λ QCD . Using the considered parameter space, we find that (a) for both B s → γγ and B d → γγ decays, the new physics contribution can provide a factor of two to six enhancement to their branching ratios, (b) for the B s → γγ decay, its direct CP violation is very small in both the SM and TC2 model, and (c) the CP violating asymmetry r − CP (B d → γγ) is around the ten percent level in both the SM and TC2 model, but the sign of CP asymmetry in the TC2 model is different from that in the SM.
I. INTRODUCTION
As is well known, the rare radiative decays of B mesons induced by the quark decay b → qγ (q = d, s) are very sensitive to the flavor structure of the standard model (SM) and to new physics beyond the SM. Both inclusive and exclusive processes, such as the decays B → X s γ, X s γγ and B s,d → γγ, have been studied in great detail [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] .
The inclusive decay B → X s γ is measured experimentally with increasing accuracy [12] . The world average as given by the 2002 Particle Data Group ( PDG2002 ) [13] is B(B → X s γ) = (3.3 ± 0.40) × 10 −4 ,
which is quite consistent with the next-to-leading order (NLO) standard model prediction [4] B(B → X s γ) T H = (3.29 ± 0.34) × 10
Obviously, there is only small room left for new physics effects in flavor-changing neutral current processes based on the b → s transition. In other words, the excellent agreement between SM theory and experimental data results in a strong constraint on many new physics models beyond the SM. Within the SM, the electroweak contributions to b → sγγ and B → γγ decays have been calculated some time ago [1] ; the leading-order QCD corrections and the long-distance contributions were evaluated recently by several groups [6, 14] . The new physics corrections were also considered, for example, in the two-Higgs doublet model [15, 16] and the supersymmetric model [17] .
On the experimental side, only upper limits (90%C. 
which are roughly two orders above the SM predictions [1, 6, 8, 9] . These radiative decays are indeed very interesting because (a) these decays have a very clean signal where two monochromatic energetic photons are produced precisely back-to-back in the rest frame of B meson; (b) these exclusive decays also allow us to study the CP violating effects as the two photon system can be in a CP-even or CP-odd state; (c) since B s → γγ depends on the same set of Wilson coefficients as B → X s γ, its sensitivity to new physics beyond the SM complements the corresponding sensitivity in B → X s γ; and (d) the smallness of the branching ratios can be compensated by the very high statistics expected at the current B factory experiments and future hadron colliders.
In this paper, we present our calculation of branching ratios and CP-violating asymmetries for rare exclusive decays B s,d → γγ in the framework of the Top-color-assisted Technicolor (TC2) model [20] by employing the QCD factorization based on the heavy-quark limit m b ≫ Λ QCD [8, 9] . This paper is organized as follows: In Sec. II, we give a brief review about the SM predictions for the branching ratios and CP asymmetries of B s,d → γγ decays. In Sec. III, we present the basic ingredients of the TC2 model, and evaluate the new penguin diagrams.
After studying the constraint on the TC2 model by considering the data of B 
This can be understood by either applying the equation of motion [21] or by applying an extension of Low's low energy theorem [22] . Up to corrections of order 1/m 2 W , the effective Hamiltonian for b → sγγ is just the one for b → sγ and takes the form
where λ (s) p = V * ps V pb is the Cabibbo-Kobayashi-Maskawa (CKM) factor. And the currentcurrent, QCD penguin, electromagnetic and chromomagnetic dipole operators are given by
1 For the numbering of operators Q p 1,2 , we use the convention of Buras et al. [3] throughout this paper.
where α and β are color indices, α = 1, . . . , 8 labels SU(3) c generators, e and g s refer to the electromagnetic and strong coupling constants, and L, R = (1 ∓ γ 5 )/2, while F µν and G a µν denote the photonic and gluonic field strength tensors, respectively. In Q 7,8 , the terms proportional to m s are usually neglected because of the strong suppression m The Wilson coefficients C i (µ) in Eq. (6) are known currently at next-to-leading order (NLO) [2, 3] . Within the SM and at scale m W , the Wilson coefficients C i (m W ) at the leading order (LO) approximation have been given for example in [3] ,
where 
where η = α s (m W )/α s (µ), and the magic numbers are [3] 
The numerical results of the LO Wilson coefficients C i (µ) obtained by using the input parameters as given in Table I are listed in Table II Based on the effective Hamiltonian for the quark level process b → s(d)γγ, one can write down the amplitude for B s,d → γγ and calculate the branching ratios and CP violating asymmetries once a method is derived for computing the hadronic matrix elements. There exist so far two major approaches for the theoretical treatments of exclusive decay B → γγ.
The first approach was proposed ten years ago and has been employed by many authors [1, 6] . Under this approach, one simply evaluates the hadronic element of the amplitudes for one-particle reducible (1PR) and one-particle irreducible (1PI) diagrams, relying on a phenomenological model. One can work, for example, in the weak binding approximation and assume that both the b and the lightuarks are at rest in the B q meson [23] . From the heavy quark effective theory(HQET), for instance, one can also assume that the velocity of the b quark coincides with the velocity of the B q meson up to a residual momentum of Λ QCD . Both pictures are compatible up to corrections of order (Λ QCD /m b ) [23] . One typical numerical result obtained by employing this approach is
after inclusion of LO QCD corrections [23] . There are also many works concerning the estimation of the long distance contributions to B → γγ decay [14] .
In the first approach, one has to employ hadronic models to describe the B q (q = s, d) meson bound state dynamics. It is thus impossible for one to separate clearly the shortand long-distance dynamics and to make distinctions between the model-dependent and model-independent features.
The second approach was proposed recently by Bosch and Buchalla [8, 9] . They analyzed the B s,d → γγ decays in QCD factorization approach based on the heavy quark limit m b ≫ Λ QCD . Under this approach, one can systematically separate perturbatively calculable hard scattering kernels from the nonperturbative B-meson wave function. Power counting in Λ QCD /m b allows one to identify leading and subleading contributions to B → γγ. In this paper, we will employ the Bosch and Buchalla (BB) approach to calculate the Technicolor corrections to B s,d → γγ decays.
From Refs. [8, 9] , one knows that (a) only one 1PR diagram [ Fig The amplitude for the B → γγ decay has the general structure [8] A
Here F µν andF µν = ε µνλρ F λρ /2 are the photon field strength tensor and its dual with ε 0123 = −1. The branching ratio of B q → γγ decay with q = s, d is then given by
where G F is the Fermi constant, α em is the fine structure constant, τ Bq is the lifetime of B q meson, and m Bq and f Bq are the mass and decay constant of the B q meson, respectively. The values of all input parameters are listed in Table I . The matrix elements of the operators Q i in Eq. (6) can be written as
where the ǫ i are the polarization 4-vectors of the photons, Φ B ≡ Φ B1 is the leading twist light-cone distribution amplitude of the B meson, and T µν i (ξ) is the hard-scattering kernel describing the hard-spectator contribution.
By explicit calculations as were done in Ref. [8] , the quantities A ± in Eq. (28) are of the form
with
where
, and
and Li 2 (x) is the dilogarithm function. It is easy to see that
The function g(z) has an imaginary part for 0 < z < 1/4, while g(0) = −2 and g(1) = 2(π 2 −9)/9. The first term of A p ± is the leading power contribution from the 1PR diagram [ Fig.1(a) ] of the penguin operator Q 7 , the remaining terms of A p ± represent the subleading contributions from the 1PR diagram [ Fig.1(b) ] with the operator Q 7 where the second photon is emitted from the b quark line, and from the 1PI diagram [ Fig.1(c) ] induced by insertion of fourquark operators Q i . From the formulas as given in Eq. (28) and Eqs. (30) - (33), we find the numerical results of the branching ratios in SM
where the central values of branching ratios are obtained by using the central values of input parameters as given in Table I , and the errors correspond to ∆λ
GeV, respectively. For the CKM angle γ, we consider the range of γ = (60 ± 20)
• according to the global fit result [13] . Obviously, the dominant errors are induced by the uncertainty of hadronic parameter λ B , the renormalization scale µ and decay constant f Bq . The error induced by ∆γ is about 30% for B d decay, but very small for B s decay. The errors due to the uncertainty of other input parameters are indeed very small and can be neglected. Now we consider the CP violating asymmetries of B s,d → γγ decays. Following the definitions of Ref. [8] , the subscripts ± on A ± forB → γγ decay denote the CP properties of the corresponding two-photon final states, whileĀ ± refer to the CP conjugated amplitudes for the decay B → γγ (decayingb antiquark). Then the deviation of the ratios
from zero is a measure of direct CP violation. Since
of B d → γγ decay, however, it can be rather large. By using the central values of input parameters as given in Table I and assuming γ = 60
• , we find
+0.06
It is easy to see that the direct CP violating asymmetry for B s → γγ decay is small, ∼ 1%, and cannot be detected by experiments. For B d → γγ decay. however, its CP violation can be rather large, around −10% for γ ∼ 60
• . But the much smaller branching ratio is a great challenge for the current and future experiments.
In Fig. 2 , we show the CKM angle γ− and µ-dependence of r • , the value preferred by the global fit [24] and by the analysis based on the measurements of branching ratios of B → Kπ decays [25] . The value of r
here is the same as that given in Ref. [8] for µ = m b , but opposite with what was given in Ref. [8] for µ = m b /2 and 2m b , respectively.
III. B S,D → γγ DECAYS IN TC2 MODEL
In this section, we calculate the loop corrections to B s,d → γγ decays in TC2 model.
A. TC2 model
Apart from some differences in group structure and/or particle contents, all TC2 models [20, 26] have the following common features: (a) strong Top-color interactions, broken near 1 TeV, induce a large top condensate and all but a few GeV of the top quark mass, but contribute little to electroweak symmetry breaking; (b) technicolor [27] interactions are responsible for electroweak symmetry breaking, and extended technicolor (ETC) [28] interactions generate the masses of all quarks and leptons, except that of the top quarks; (c) there exist top pionsπ ± andπ 0 with a decay constant F Q ≈ (40 − 50) GeV. In this paper we will chose the well-motivated and most frequently studied TC2 model proposed by Hill [20] to calculate the contributions to the rare exclusive B decays from the relatively light charged pseudo-scalars. It is straightforward to extend the studies in this paper to other TC2 models.
In the TC2 model [20] , after integrating out the heavy coloron and Z ′ , the effective four-fermion interactions have the form [29] 
where κ = (g 2
where λ 
whereπ ± andπ 0 are the top pions,H ±,0 andÃ 0 are the b pions, h t is the top Higgs boson, and F Q ≈ 50 GeV is the top pion decay constant.
From Eq. (41), the couplings of top pions to t and b quark can be written as [20] m * t
where m * t = (1 − ǫ)m t and m * b ≈ 1 GeV denote the masses of top and bottom quarks generated by top-color interactions.
For the mass of top pions, the current 1 − σ lower mass bound from the Tevatron data is mπ ≥ 150 GeV [26] , while the theoretical expectation is mπ ≈ (150 − 300GeV ) [20] . For the mass of b pions, the current theoretical estimation is mH0 ≈ mÃ0 ≈ (100 − 350)GeV and mH = m to fermion pairs, as well as the gauge couplings of unit-charged scalars to gauge bosons γ, Z 0 and gluon are basically model-independent, can be found in Refs. [31] [32] [33] .
At low energy, potentially large flavor-changing neutral currents (FCNC) arise when the quark fields are rotated from their weak eigenbasis to their mass eigenbasis, realized by the matrices U L,R for the up-type quarks, and by D L,R for the down-type quarks. When we make the replacements, for example,
the FCNC interactions will be induced. In TC2 model, the corresponding flavor changing effective Yukawa couplings are
For the mixing matrices in the TC2 model, authors usually use the "square-root ansatz": to take the square root of the standard model CKM matrix
as an indication of the size of realistic mixings. It should be denoted that the square root ansatz must be modified because of the strong constraint from the data of B 0 − B 0 mixing [30, 34, 35] . In the TC2 model, the neutral scalarsH 0 andÃ 0 can induce a contribution to the
where M Bq is the mass of B q meson, F Bq is the B q -meson decay constant, B Bq is the renormalization group invariant parameter, and δ bq ≈ |D The new photonic-and gluonic-penguin diagrams can be obtained from the corresponding penguin diagrams in the SM by replacing the internal W ± lines with the unit-charged scalar (π ± 1 , π ± 8 andπ ± ) lines, as shown in Fig. 3 . For details of the analytical calculations, one can see Ref. [36] .
By evaluating the new γ-penguin and gluon-penguin diagrams induced by the exchanges of three kinds of charged pseudoscalars (π ± , π
, we find that
It is easy to show that the charged top-pionπ ± strongly dominate the new physics contributions to the Wilson coefficients C 7 (m W ) and C 8 (m W ), while the technipions play a minor rule only, less than 5% of the total NP correction. We therefore fix the masses of π in the range of m π 1 = 200 ± 100 GeV and m π 8 = 400 ± 100 GeV, as listed in Table III . At the leading order, the charged-scalars do not contribute to the remaining Wilson coefficients
When the new physics contributions are taken into account, the Wilson coefficients C 7 (m W ) and C 8 (m W ) can be defined as the following,
where C Using the NLO formulas as presented in Ref. [4] for the B → X s γ decay, we find the numerical results for the branching ratios B(B → X s γ) in both the SM and the TC2 model, as illustrated in Fig. 4 , where we use the central values of input parameters as given in Table I  and Table III at the 2σ level [13] . From Fig. 4 and considering the errors induced by varying m π 1 , m π 8 and ǫ in the ranges as shown in Table III , the constraint on the mass of charged top pion is
which is a rather strong constraint on mπ.
IV. NUMERICAL RESULTS IN TC2 MODEL
In this section, we present the numerical results for the branching ratios and CP violating asymmetries of B s,d → γγ decays in the TC2 model.
A. Branching ratios B(B s,d → γγ) in TC2 model
Based on the analysis in previous sections, it is straightforward to present the numerical results. Our choice of input parameters are summarized in Table I and Table III . Using the input parameters as given in Table I and Table III and assuming γ = (60 ± 20)
• , we find the numerical results of the branching ratios B(B s → γγ) = 2.8 From the numerical results as given in Eqs. (56), (57), it is easy to see that the largest error of the theoretical prediction comes from our ignorance of hadronic parameter λ B . We show such λ B dependence of branching ratios in Fig.6 explicitly. The dotted and shortdashed curves in Fig.6 show the SM predictions for µ = m b /2 and µ = m b , respectively. The dot-dashed and solid curves show the TC2 model predictions for µ = m b /2 and µ = m b , respectively. The decay branching ratios decrease quickly, as λ B getting large for both SM and TC2 model.
In order to reduce the errors of theoretical predictions induced by the uncertainties of input parameters, we define the ratio R(B q → γγ) with q = d, s as follows
Using the central values of input parameters, one finds numerically that
+1.70 Now we calculate the new physics correction on the CP violating asymmetries of B s,d → γγ decays. By using the input parameters as given in Tables I and III, we find 
where the major errors are induced by the uncertainties of the corresponding input parameters ∆λ B = ±0.15 GeV, m b /2 ≤ µ ≤ 2m b , ∆mπ = 30 GeV and ∆γ = ±20
• , respectively. For the B s → γγ decay, its direct CP violation is still very small after inclusion of new physics corrections. For the B d → γγ decay, however, its CP violating asymmetry is around 7% in TC2 model and depends on the hadronic parameter λ B , the scale µ, the CKM angle γ and the mass mπ, as illustrated by Figs. 8 and 9 .
In Fig. 8 we draw the plots of the CP violating asymmetry r − CP (B d → γγ) versus the parameters µ, λ B and γ. The lower and upper three curves in Fig. 8 show the theoretical predictions of the SM and TC2 model, respectively. In Fig. 8(b) , γ = 60
• is assumed. It is easy to see from 
V. DISCUSSIONS AND SUMMARY
In this paper, we calculate the new physics contributions to the branching ratios and CPviolating asymmetries of double radiative decays B s,d → γγ in the TC2 model by employing the QCD factorization approach.
In Sec. II, based on currently available studies, we present the effective Hamiltonian for the inclusive B → X s γ and b → sγγ decays. For the evaluation of hadronic matrix elements for the exclusive B s,d → γγ decays, we use Bosch and Buchalla approach to separate and calculate the leading and subleading power contributions to the exclusive decays under study from 1PR and 1PI Feynman diagrams. We reproduce the SM predictions for the branching ratios B(B s,d → γγ) and direct CP asymmetries r ± CP as given in Ref. [8] . For the new physics part, we firstly give a brief review about the basic structure of TC2 model, and evaluate analytically the strong and electroweak charged-scalar penguin diagrams in the quark level processes b → s/dγ and b → sg. We extract out the new physics contributions to the corresponding Wilson coefficients C 7 (m W ) and C 8 (m W ). Then we combine these new functions with their SM counterparts and run these Wilson coefficients from the scale µ = m W down to the lower energy scale µ = O(m b ) by using the QCD renormalization equations. From the data of B and 10 −7 respectively, only one order away from the experimental limit as given in Eqs. (3), (4) . With more integrated luminosity accumulated by BaBar and Belle Collaborations, the upper bound on B(B d → γγ) will be further improved, and may reach the interesting region of TC2 prediction.
2. For the B s → γγ decay, its direct CP violation is very small in both the SM and TC2 model.
3. For the B d → γγ decay, however, its CP violating asymmetry is around ten percent level in both the SM and Tc2 model. But the pattern of CP violating asymmetry in TC2 model is very different from that in the SM, as illustrated in Fig. 8 .
As discussed in Ref. [37] , the high luminosity option SuperBaBar suggests a total integrated luminosity of 10 ab −1 . For the branching ratio as given in Eq.(57), the number of observed B d → γγ events is then expected to be in the range of 50 − 150 in the TC2 model, and therefore measurable in the future. 
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